The as-cast, two-phase, f.c.c. + B2, lamellar-structured, high-entropy alloy 
Introduction
A variety of methods can be used to harden the surface of metals, ranging from flame hardening and weld hardening processes to ion beam processes and new surface coating methods [1] .
Nitriding is one such process in which the metal is heated to allow nitrogen to diffuse into the surface, thus producing a case-hardened surface by the precipitation of very small particles of a the nitride [1] [2] [3] . The hardness of the resulting surface layer depends on the type, size and distribution of nitride, which is affected by the type of metal being nitrided, the nitriding temperature, the cooling rate from the nitriding temperature and any annealing after the process [2] . Nitriding is often performed at intermediate temperatures in an ammonia atmosphere [1, 3, 4] . Nitriding is performed mostly on low-carbon, low-alloy steels [4, 5] . However, nitriding is also sometimes used on medium and high-carbon steels, titanium alloys and aluminum alloys [6] [7] [8] [9] . Typical applications that use case-hardened steel produced by nitriding include gears, crankshafts, camshafts, valve parts, and various dies for extrusion or die casting [4] . Very often, the above applications require high wear resistance and gas nitriding is one of the most efficient hardening methods to improve the wear resistance, especially in the cases of complicated shape elements [5, 6] .
Fe 30 Ni 20 Mn 35 Al 15 is a recently discovered two-phase alloy, consisting of alternating (Fe, Mn)-rich f.c.c. and (Ni, Al)-rich B2 lamellae [10] . Drop-cast Fe 30 Ni 20 Mn 35 Al 15 tensile tested at a strain rate of 3 × 10 -3 s -1 in air exhibits a yield strength of 600 MPa, a fracture strength of 850 MPa and a strain to failure of ~11% [11] . Unfortunately, this alloy shows <1% elongation when strained in air at a strain rate of 3 × 10 -6 s -1 . This environmental embrittlement is also manifested in pin-on-disc wear tests, where tests performed in air show much more rapid wear than tests performed under argon [12, 13] . The addition of 6 at. % chromium to produce the high entropy alloy (HEA) Fe 28.2 Ni 18.8 Mn 32.9 Al 14.1 Cr 6 not only alleviated this environmental embrittlement, but also increased the elongation to failure to 18%, although at the expense of a slight reduction in yield strength [14, 15] .
HEAs are single phase or multiphase and contain 5-35 at. % of five or more elements [16] .
They are of interest for a variety of industrial applications because of their unusual properties [17] [18] [19] [20] [21] . A key feature is the sluggish diffusion observed in these materials [22] . This is of particular interest for high temperature applications since it implies good thermal stability of the phases present [23] A Rigaku D/Max 2000 diffractometer with Cu Kα radiation operated at 40 kV and 300 mA was used to perform phase identification. Specimens were polished to a mirror finish.
Measurements were performed by step scanning 2θ from 20° to 120° with a 0.02° step size. A count time of 1s per step was used, giving a total scan time of ~1.5 h.
Specimen cut from the ingots were annealed at either 800°C or 1000°C for 100 h in a pure nitrogen atmosphere in order to nitride the surface. Specimens, cut from the annealed ingots, were mounted in phenolic resin and polished, using increasingly fine grades of silicon carbide papers followed by 0.3μm alumina powder, to a mirror finish. The surfaces were etched using 4% nitric acid for ∼5s followed by rinsing in water. An FEI XL-30 field emission gun (FEG) scanning electron microscope (SEM) equipped with an EDAX Li-drifted energy dispersive X-ray spectrometer (EDS) was used at a voltage of 15 kV for examination of the annealed specimens.
The Vickers hardness of the specimens was measured using a TIME TH-713 Microhardness
Tester. All tests were performed at a load of 200 g (1.96 N) and a dwell time of 15s. The reported Vickers hardness values are the average of 10 measurements, and the reported error is the standard deviation.
Results and Discussion
As-cast was strongly localized and, thereby, the penetration depth of the zones of nitride precipitation were extremely heterogeneous [9] . Figure 2( /s at 1000°C using λ = √ , where λ is the depth of nitride layer and t is the nitriding time. Grabke et al. [29] showed that the diffusivity of nitrogen in Fe-Ni alloy increases with increasing Ni content. The diffusivity of nitrogen in pure iron is 1.07 × 10 -7 cm 2 /s at 1000°C, while that for nitrogen in Fe-40 wt% Ni is 6.6 × 10 -7 cm 2 /s at 1000°C [29] . As shown in Figure   2 temperatures as expected since diffusion would be faster [4] . Moreover, it has been found previously that the Cr content of the Ni alloys strongly affected both the nitrogen solubility and the nitrogen diffusion coefficient [9] . In Ni-Cr-Ti alloys, a higher chromium content led to an increased depth of the internal precipitation of TiN [9] . Similar behavior was observed in the present study. and X-ray diffraction showed that it was single-phase f.c.c., see Figure 7 . Compared to the needlelike AlN precipitates in the 800°C annealed alloys, the AlN precipitates in 1000°C annealed alloys were blocky and bigger. As at 800 o C, the AlN precipitates at 1000 o C are irregularly shaped in both alloys. For the Cr-containing alloy, precipitates are up to ~40 µm long and 1-10 µm wide, and spaced ~10 µm apart. For the Cr-free alloy, the precipitates are larger at up to 60 µm long and 2-10 µm wide, and spaced ~20 µm apart, see Table 2 . In contrast to the 800 o C anneals, the lamellae structure in the center had coarsened somewhat after the 1000 o C anneals to produce lamellae of size ~1.5 µm for the f.c.c. phase and ~3.3 µm for the B2 phase in the Cr-containing alloy, and ~2.9 µm for the f.c.c. phase and ~2.3 µm for the B2 phase in the CR-free alloy.
The Vickers hardness values of annealed materials from the center regions and the AlNcontaining areas are shown in Table 2 . The hardness values of the as-cast materials are also shown in Table 2 15 , respectively. The lower hardness in Cradded material is due to the softening of f.c.c. phase [15] .
The areas containing AlN exhibit higher hardness than that of the center AlN-free areas in the same material, indicating the hardening of the surface by nitriding, see It is worth attempting to correlate the changes in microstructure with the changes in hardness.
Meng et al. [30] showed that the yield strength σ y shows a linear relationship with the f.c.c.
lamellae width λ for lamellae FeNiMnAl alloys, i.e. = 252 + 0.00027λ −1 MPa. Thus, the decrease of hardness in center lamellae-structured area compared to as-cast material is due to the observed coarsening of the phases. This coarsening is greater in the Cr-free material than in the Cr-added material (compare Figures 6a and 5a) . Hence, the greater decrease in strength in the Cr-free alloy compared to the as-cast material.
The strength, σ y in the nitrided areas can be described by strengthening from four mechanisms, i.e.
where σ i is the lattice friction, σ gb is the grain boundary (Hall-Petch) strengthening, σ ss is the solid solution strengthening, and σ p is the strengthening due to particles. The grain boundary strengthening contribution in these alloys is likely to be small since grain sizes are ~30-40 µm.
The σ i and σ ss terms in equation (1) are unknown, but are likely to be slightly different since the matrix phase in the nitrided area contains only Fe, Ni and Mn in the Cr-free alloy, while the matrix in the Cr-containing alloy has Fe, Ni, Mn and Cr. In a lattice where there are similar concentrations of each of the elements it is not possible to describe one of the elements as being a solute. Hence, separating the σ i and σ ss terms does not make a great deal of sense. The strengthening due the large precipitates observed in the nitrided areas will arise from dislocations bowing around the particles, and, hence, can be described by
where G is the shear modulus, b is the Burgers' vector, and L is the spacing between particles.
The values of G and b will be similar in both alloys. Comparing the hardness values and L values listed in Table 2 , it appears that there is roughly a correlation between the hardness of the alloys and the reciprocal of the interparticle spacing irrespective whether the alloy contains Cr or not. Hence, the strength largely appears to derive from the interparticle spacing, which, as observed, depends on the nitriding temperature and the composition of the alloy. Presumably greater surface hardening could be obtained by nitriding at lower temperature -by using ammonia rather than nitrogen as the gaseous atmosphere -which would result in finer, more closely spaced AlN precipitates.
Conclusions
The FeNiMnAl alloy led to an increased depth of the internal precipitation of AlN, i.e. to an increase in the diffusivity of N, a feature noted previously in Ni-Cr-Ti alloys [9] . The diffusivities of N in both alloys were significantly lower than that in unalloyed f.c.c. iron. 
